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This  i s  t o  summarize t h e  major r e s e a r c h  r e s u l t s  of t h e  mass t r a n s f e r  
program sponsored by t h e  N a t i o n a l  Aeronau t i c s  and Space Admin i s t r a t ion  
cove r ing  t h e  h i g h l i g h t s  of t h e  program from i t s  i n c e p t i o n  a t  t h e  
U n i v e r s i t y  of Delaware i n  March, 1963, t o  i t s  c o n c l u s i o n  a t  t h e  Univer- 
s i t y  of I l l i n o i s  a t  Chicago C i r c l e  i n  June,  1967. 

The r e s e a r c h  a c t i v i t y  may b e  d iv ided  c o n v e n i e n t l y  i n t o  t h r e e  major 
c a t e g o r i e s :  

1) A n a l y t i c a l  S t u d i e s  of Mass Trans fe r  Cooling 

2) Experimental  S t u d i e s  of Mass T r a n s f e r  Cooling 

3) S t u d i e s  of Radiation-Convection I n t e r a c t i o n  w i t h  Mass T r a n s f e r  

- A n a l y t i c a l  S t u d i e s  of Mass T r a n s f e r  Cooling 

The major o b j e c t i v e  of t h e  a n a l y t i c a l  s t u d i e s  of m a s s  t r a n s f e r  c o o l i n g  
w a s  t h e  development of a s i m p l e  des ign  procedure  f o r  t h e  p r e d i c t . i o n  of 
h e a t  t r a n s f e r  and s k i n  f r i c t i o n  f o r  mass t r a n s f e r  coo led  z e r o  p r e s s u r e  
g r a d i e n t  s u r f a c e s  exposed t o  t h e  h igh  v e l o c i t y  l amina r  f low of f o r e i g n  
g a s e s  ( i . e . ,  f r e e  s t r eams  o t h e r  than a i r ) .  

A t  t h e  o u t s e t ,  t h e  s t u d y  w a s  r e s t r i c t e d  t o  n i t r o g e n  o r  carbon-d ioxide  
f r e e  s t r eams  w i t h  t h e  i n j e c t e d  coo lan t  be ing  hydrogen. I n i t i a l l y ,  t h e  
l amina r  Coue t t e  f low model, a one-dimensional model of t h e  a c t u a l  boun- 
d a r y  l a y e r ,  w a s  a n a l y z e d ,  t a k i n g  i n t o  account  v i s c o u s  d i s s i p a t i o n  and 
v a r i a b l e  f l u i d  p r o p e r t i e s ,  t o  give i n s i g h t  i n t o  t h e  p h y s i c s  of t h e  
b i n a r y  f low problem. F u r t h e r ,  i t  w a s  hoped t h a t  r e s u l t s  from t h e  Coue t t e  
f l o w  s tudy  could  be used t o  p r e d i c t  a c t u a l  boundary l a y e r  behav io r .  
The C o u e t t e  f low a n a l y s i s  w a s  followed by a thorough i n v e s t i g a t i o n  of 
t h e  a c t u a l  two-dimensional 
p r e s s u r e  g r a d i e n t  c o n d i t i o n s  and i n c l u d i n g  t h e  e f f e c t s  of v i s c o u s  d i s -  
s i p a t i o n .  Comparisons of t h e  Couet te  flow r e s u l t s  w i t h  t h o s e  found i n  
a c t u a l  boundary l a y e r  s i t u a t i o n s  sugges t  t h a t  a s i m p l e  des ign  method 
based  on t h e  Coue t t e  f low model i s  n o t  p o s s i b l e .  

b i n a r y  laminar  boundary l a y e r  under z e r o  
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' An a l t e r n a t e  approach,  based on the  work of Gross  et  a l ,  w a s  t h e n  
a t tempted .  To accomplish t h i s  t h e  hydrogen-ni t rogen and hydrogen-carbon- 
d i o x i d e  b i n a r y  boundary l a y e r  r e su l t s  w e r e  extended t o  i n c l u d e  r e s u l t s  
f o r  t h e  fo l lowing  b i n a r y  g a s  combinat ions:  

C02-N2, CO -H C02-C02, €1 -H 2 2'  2 2  

These s t u d i e s  were t h e n  compared wi th  o t h e r  a n a l y t i c a l  i n f o r m a t i o n  
a v a i l a b l e  i n  open l i t e r a t u r e .  It was found p o s s i b l e  t o  p r e s e n t  t h e  nor-  
mal ized  S tan ton  number, S t  , as  a f u n c t i o n  of a g e n e r a l i z e d  blowing par-  
ameter y i e l d i n g  a p r e s e n t a y i o n  which should  have wide u t i l i t y  f o r  t h e  
p r e d i c t i o n  of h e a t  t r a n s f e r  t o  high v e l o c i t y  z e r o  p r e s s u r e  g r a d i e n t  s u r -  
f a c e s  i n  t h e  p r e s e n c e  o f  mass t r a n s f e r  f o r  any combinat ion of  f r e e  stream 
and i n j e c t i o n  gases ,  p rovided  t h e  boundary l a y e r  is  l amina r .  

Inasmuch as t h e  p r e s e n t a t i o n  i s  normalized w i t h  r e s p e c t  t o  t h e  s o l i d  
w a l l  S t a n t o n  number, St,, i t  i s  e s s e n t i a l  t h a t  t h i s  v a l u e  b e  r e a d i l y  ob- 
t a i n a b l e .  I n  t h e  c o u r s e  of  t h e  i n v e s t i g a t i o n ,  i t  w a s  shown t h a t  t h e  
Eckert r e f e r e n c e  f o r m u l a t i o n  a p p l i e s  t o  h i g h  speed boundary l a y e r s  of 
a i r ,  of n i t r o g e n ,  of carbon-dioxide and of  hydrogen, and i t  i s  recommended 
t h a t  t h i s  method be  used f o r  any f r e e  stream g a s .  The d e t a i l s  of t h i s  
d e s i g n  procedure  are s p e l l e d  o u t  i n  t h e  a t t a c h e d  TR Report  e n t i t l e d  
" T r a n s p i r a t i o n  Cooling C o r r e l a t i o n s  f o r  A i r  and Non-Air F ree  S t r eams"  
by Simon, H a r t n e t t ,  and L iu .  

Thus,  t h e  major  r e s u l t s  of  t h i s  p o r t i o n  of t h e  s tudy  may be summarized 
as f o l l o w s :  

1) The Coue t t e  f low model does no t  y i e l d  a c c e p t a b l e  p r e d i c t i o n  of a c t u a l  
b i n a r y  boundary l a y e r  behavior .  

2) The Ecker t  r e f e r e n c e  fo rmula t ion  may be  used t o  p r e d i c t  s o l i d  wall 
h e a t  t r a n s f e r  f o r  t h e  laminar  f low of any f r e e  stream gas  ove r  a 
f l a t  p l a t e  . 

3) A s imple  d e s i g n  p r e s e n t a t i o n  of t h e  h e a t  t r a n s f e r ,  s k i n  f r i c t i o n  and 
r ecove ry  f a c t o r s  f o r  a mass t r a n s f e r  cooled  f l a t  p l a t e  i n  h i g h  ve lo-  
c i t y  l amina r  motion a p p l i c a b l e  t o  any f r e e  stream g a s  and i n j e c t i o n  
gas  combinat ion i s  p o s s i b l e ,  as p r e s e n t e d  i n  the above mentioned 
r e f e r e n c e .  

A d d i t i o n a l  d e t a i l s  on t h e  above may be found i n  t h e  folSowing r e p o r t s  o r  
p u b l i c a t i o n s  : 

1) "Mass T r a n s f e r  Cool ing i n  Laminar Boundary Layers  wi.th Hydrogen 
I n j e c t e d  i n t o  Ni t rogen  and Carbon Dioxide Streams,"  C .  S .  L i u ,  J .  P. 
H a r t n e t t ,  and H. A. Simon, Proceedings of t h e  Th i rd  I n t e r n a t i o n a l  
Heat T r a n s f e r  Conference,  August, 1 9 6 6 ,  American I n s t i t u t e  of 
Chemic31 Engineers ,  Vol.  111, pp. 15-22. 
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" P r o p e r t i e s  of Hydrogen: Ni t rogen  and Hydrogen: Carbon Dioxide 
and Carbon Dioxide:  Ni t rogen  Mixtures ,"  €1. A. Simon, C .  S .  L i u ,  
and J. P. H a r t n e t t ,  NASA Con t rac to r  Report  387, February ,  1966,  
( a l s o  pub l i shed  i n  s h o r t e r  form i n  t h e  I n t e r n a t i o n a l  J o u r n a l  of  - 
- Heat and Mass Transfer , ,Pergamon P r e s s ,  Vol .  8,  No. 8,  1965,  
pp. 1176-1178). 

"The Ecke r t  Reference  Formulat ion Applied t o  High Speed Laminar 
Boundary Layers  of N i t rogen  and Carbon Dioxide,"  H. A.  Simon, 
C .  S .  L i u ,  and J .  P. H a r t n e t t ,  I n t e r n a t i o n a l  J o u r n a l  of Heat and 
- Mass T r a n s f e r ,  Pergamon P r e s s ,  Vol .  10,  No. 3 ,  1967,  pp. 406-409, 
( a l s o  pub l i shed  as NASA Con t rac to r  Report  4 2 0 ,  A p r i l ,  1966) .  

I n f l u e n c e  of D i s s o c i a t i o n  on Mass T r a n s f e r  Cool ing i n  a Carbon I t  

Dioxide-Nitrogen Binary  System," C .  S .  L i u  and J. P. H a r t n e t t ,  
submi t t ed  t o  J o u r n a l  of-Heat T r a n s f e r ,  A.S.M.E. and scheduled  
f o r  p r e s e n t a t i o n  a t  t h e  Ninth Heat T r a n s f e r  Conference,  August 
6-9, 1967, S e a t t l e ,  Washington. 

" T r a n s p i r a t i o n  Cooling C o r r e l a t i o n s  f o r  A i r  and Non-Air F r e e  
Streams,"  H. A. Simon, J .  P. H a r t n e t t ,  and C .  S. L iu ,  U n i v e r s i t y  
of I l l i n o i s  a t  Chicago Circle,  Department of Energy Engineer ing ,  
Techn ica l  Report  No. 8,  June,  1967, ( a l s o  submi t t ed  t o  A.S.M.E. 
f o r  p o s s i b l e  p r e s e n t a t i o n  and p u b l i c a t i o n ) .  

I n  a d d i t i o n ,  t h e  fo l lowing  Masters and D o c t o r a l  d i s s e r t a t i o n s  were 
p repa red  under  t h e  p a r t i a l  suppor t  of t h e  program: 

1) M.S. T h e s i s  - C .  L. Chang, "Binary Coue t t e  Flow w i t h  Hydrogen 
I n j e c t e d  i n t o  Carbon Dioxide and Ni t rogen  S t r e a m s  , I 1  U n i v e r s i t y  
of Delaware, June ,  1963. 

2)  M.S. T h e s i s  - C. S .  L i u ,  "Mass T r a n s f e r  Cooli.ng i n  Lami.nar Boundary 
Layers  w i t h  Hydrogen I n j e c t e d  i n t o  Ni t rogen  and Carbon Dioxide  
S t reams,"  U n i v e r s i t y  of Delaware, June ,  1965. 

3) Ph.D. Thesis - C. S .  L iu ,  " Inf luence  o f  D i s s o c i a t i o n  on Mass T r a n s f e r  
Cool ing  i n  a Carbon Dioxide-Nitrogen Binary System," U n i v e r s i t y  
of Delaware, June ,  1967. 

Exper imenta l  S t u d i e s  of Mass Trans fe r  Cool ing 

The expe r imen ta l  p o r t i o n  of  t h e  program invo lved  t h e  d e t e r m i n a t i o n  of 
the  h e a t  t r a n s f e r  f o r  a t r a n s p i r a t i o n  cooled  porous  f l a t  p l a t e  p l aced  
i n  t u r b u l e n t  s t r eams  of a i r  and of carbon d i o x i d e  a t  a Mach number of 
approx ima te ly  2.  The c o o l a n t  gases  were a l s o  a i r  and carbon d i o x i d e  
g i v i n g  f o u r  combinat ions:  a i r - a i r ,  carbon d ioxide-carbon d i o x i d e ,  
ca rbon  d i o x i d e - a i r ,  a i r - ca rbon  d i o x i d e .  It w a s  found t h a t  Rubes in ' s  
a i r  t o  a i r  semi-empir ica l  theory  adequa te ly  p r e d i c t e d  a l l  of t h e  expe r i -  
mental h e a t  t r a n s f e r  r e s u l t s  i n c l u d i n g  t h o s e  o b t a i n e d  i n  t h e  carbon 
d i o x i d e  atmospheres .  

i 
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A d d i t i o n a l l y  , t h e  e m p i r i c a l  t h e o r i e s  which p r e d i c t  recovery  f a c t o r  re- 
s u l t s  f o r  a i r  i n j e c t e d  i n t o  an a i r  f r e e  stream yie1.d s a t i s f a c t o r y  r e s u l t s  
f o r  a i r  o r  carbon d iox ide  i n j e c t i o n  i n t o  a carbon d i o x i d e  f r e e  s t r eam 
gas.  A more d e t a i l e d  r e p o r t  on t h i s  s tudy  ("Mass T r a n s f e r  Cooling on 
a Porous F l a t  P l a t e  i n  Carbon Dioxide and A i r  S t r eams"  by L a g a n e l l i  and 
H a r t n e t t )  i s  a t t a c h e d .  

An o p t i c a l  method developed f o r  ob ta in ing  b ina ry  d i f f u s i o n  c o e f f i c i e n t s  
y i e l d e d  p re l imina ry  r e s u l t s  which were i n  f a i r  agreement w i t h  e x i s t i n g  
in fo rma t ion .  Th i s  method, which shows promise,  needs  f u r t h e r  re f inement  
b e f o r e  a c c u r a t e  and r e l i a b l e  r e s u l t s  can be  c o n s i s t e n t l y  ob ta ined .  

F u r t h e r  d e t a i l s  on t h e s e  exper imenta l  s t u d i e s  can be  found i n  t h e  
fo l lowing  p u b l i c a t i o n :  

1) "Mass Trans fe r  Cooling on a Porous F l a t  P l a t e  i n  Carbon Dioxide and 
A i r  Streams'' by A. L. L a g a n e l l i  and J .  P. H a r t n e t t .  

I n  a d d i t i o n ,  t h e  fo l lowing  d i s s e r t a t i o n s  are a v a i l a b l e :  

1) M.S. Thes i s  - E. D i n g i l i a n ,  "Concentrat ion and Ordinary  D i f f u s i o n  
C o e f f i c i e n t  Measurements Using I n f r a r e d  Absorp t ion  Technique , " 
U n i v e r s i t y  of Delaware, June, 1966. 

2) Ph.D. Thes i s  - A. L a g a n e l l i ,  "Mass Trans fe r  Cool ing on a Porous F l a t  
P l a t e  i n  Carbon Dioxide and A i r  Streams," U n i v e r s i t y  of Delaware,  
June ,  1966. 

S t u d i e s  of Radiat ion-Convect ion I n t e r a c t i o n  wi th  Mass T r a n s f e r  

I n  p a r a l l e l  w i t h  t h e  v a r i a b l e  p rope r ty  pure  convec t ion  m a s s  t r a n s f e r  
s t u d i e d ,  a c o n s t a n t  p r o p e r t y  a n a l y s i s  of t h e  r ad ia t ion -convec t ion  j n t e r -  
a c t i o n  problem i n  t h e  p re sence  of m a s s  t r a n s f e r  w a s  c a r r i e d  o u t .  Again,  
t h e  i n i t i a l  model f o r  a n a l y s i s  was mass t r a n s f e r  c o o l i n g  i n  high-speed 
Coue t t e  f low of a n  absorb ing-emi t t ing  grey  gas. Upon complet ion of t h i s  
s t u d y ,  a c o n s t a n t  p rope r ty  a n a l y s i s  of t h e  a c t u a l  two-dimensional boun- 
d a r y  l a y e r  on a f l a t  p l a t e  w a s  c a r r i e d  o u t .  F i n a l l y ,  t h e  i n t e r a c t i o n  of 
convec t ion  and r a d i a t i o n  i n  axisymmetric and s t a g n a t i o n  p o i n t  f l ows  w i t h  
mass t r a n s f e r  w a s  t r e a t e d .  , 

The Coue t t e  f low s t u d i e s  demonstrated t h a t  t h e  r a d i a t i o n  component of 
t h e  t o t a l  h e a t  t r a n s f e r  i s  r e l a t i v e l y  uninf luenced  by t h e  p re sence  of 
mass t r a n s f e r  bu t  ve ry  much in f luenced  by t h e  o p t i c a l  p r o p e r t i e s  of  t h e  
f l u i d .  On t h e  o t h e r  hand, t h e  convec t ive  h e a t  t r a n s f e r  i s  r e l a t i v e l y  
i n s e n s i t i v e  t o  t h e  o p t i c a l  p r o p e r t i e s  bu t  v e r y  s e n s i t i v e  t o  mass t r a n s f e r .  

The i n i t i a l  boundary l a y e r  s tudy  t r e a t e d  a mass t r a n s f e r  cooled f l a t  
p l a t e  p l aced  i n  an absorb ing-emi t t ing  h igh  v e l o c i t y  g a s  stream and 
exposed t o  a c o n s t a n t  h e a t  i n p u t .  
( a )  b l a c k  s u r f a c e  and (b) p e r f e c t l y  r e f l e c t i n g  s u r f a c e .  The emphasis 

w a s  p l aced  on t h e  recovery  o r  a d i a b a t i c  w a l l  case w5ere conduct ion  t o  
t h e  w a l l  i s  balanced by r a d i a t i o n  from t h e  s u r f a c e .  Equ i l ib r ium w a l l  
t empera tu res  are  r e p o r t e d  over  a w i d e  range  of o p e r a t i n g  v a r i a b l e s .  

Two l i m i t i n g  c a s e s  were s t u d i e d :  
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* ' Recektly, the boundary layer interaction studies have been extended to 
two-dimensional and axisymnietric stagnation f lows.  It is found that an 
appropriate choice of the governing dimensionless parameters allows the 
presentation of the temperature distribution and the heat transfer for 
these two flows such that there is nearly a one-to-one correspondence. 
An important conclusion from this work is that the influence of the 

emissivity. For high wall emissivities the total heat transfer de- 
creases with increasing absorption coefficient. On the other hand, for 
low wall emissivities the overall heat transfer increases with absorp- 
tion coefficient to a maximum value and then decreases as the absorption 
coefficient is further increased. 

c 

< absorption coefficient is very sensitive to the magnitude of the wall 

These results are contained in the following publicat.ions: 

"Mass Transfer Cooling in High Speed Couette Flow of an Absorbing- 
Emitting Gas," J. L. Novotny, Y. Taitel, and J. P. Hartnett, 
Proceedings of the 1965 Heat Transfer and Fluid Mechanics Institute, 
Stanford University Press, June, 1965, pp. 71-86. 

"Equilibrium Temperatures of Mass Transfer Cooled Walls in High 
Speed Flow of an Absorbing-Emitting Gas,", J .  L .  Novotny, Y. Taitel, 
and J. P. Hartnett, Proceedings of the Third International Heat 
Transfer Conference, August, 1966, Chicago, Illinois, American 
Institute of Chemical Engineers, Vol. V, pp. 138-145. 

Equilibrium Temperatures in a Boundary Layer Flow over a Flat 
Plate of an Absorbing-Emitting Gas," Y. Taitel and J. P. Hartnett, 
University of.Illinois at Chicago Circle, Department of Energy 

I1  

Engineering Technical Report L, September, 1966.(to be published 
in the Journal of Heat Transfer of A.S.M.E.). 

Interaction of Convection and Radiation in an hisymmetric and I 1  

Two-Dimensional Stagnation Point Flow," N .  A .  Macken and J .  P. 
Hartnett, Proceedings of the 1967 Heat Transfer and Fluid Mechanics 
Institute, June, 1967, Stanford University Press, pp. 115-139. 

addition, the following dissertations are available: 

Ph.D. Thesis - Y. Taite.1, "Equilibrium Temperatures in Flow of an 
Absorbing-Emitting Gas," University of Delaware, June, 1966. 

Ph.D. Thesis - N. A. Macken, "Interaction of Convection and Radiation 
in an Axisymmetric and Two-Dimensional Stagnation Point Flow," 
University of Delaware, March, 1967. 


